The transcription o-f the single ribosomal RNA gene cluster is initiated at an assemblage of promoters -five of which were previously mapped in the 910 base pair region in front of the 16S rRNA gene.
INTRODUCTION
Ribosomal RNA genes code for macromolecules that play a crucial role in the living cell. Being effectively expressed, these genes constitute a reliable model system for studying organization and expression of a genome.
Extensive investigations of the rRNA cistrons from eubacterial and eukaryotic kingdoms have given a wealth of information on their structure and function, however, much less is known so far about these genes in archaebacteria, which recently have been recognized as a distinct evolutionary kingdom C13. The study of the peculiarities of organization of rRNA genes in the third line of descent may contribute not only to the understanding of certain evolutionary aspects, but also could illuminate some general features of rRNA gene organization, which otherwise could be masked in the rest urkingdoms.
The knowledge of the physical organization and primary structures of rRNA genes in archaebacteria is increasing steadily, however, only limited information is available regarding their expression. The study of halophilic archaebacteria Halobacteriua halobiua and Halobacterium cutirubrus (which were recently reclassified as one species C23) deserves in this aspect special interest because of a quite unusual promoter pattern of rRNA operon (r-operon). The only one set of rRNA genes is embedded in the genome of H.halobium C3,4], which are clustered in a typical eubacterial order: 16S-23S-5S. However, in contrast to two tandem promoters of eubacterial r-aperans, the 900 bp region of the H.halobjue DNA adjoining the 16S rRNA gene was shown to contain five 80 bp direct repeats, for which the promoter function has been proposed £5,63. The SI nuclease mapping technique has revealed five transcription starts, which fall within the repeats 171. Since the entire DNA probe up to the position -910 from the 5'-end of ths 16S rRNA gene (See Fig.1A ) was also protected by the total cellular RNA in these SI experiments, the existence of an additional promoter located somewhere further upstream has been proposed.
In order to elucidate the complete promoter pattern of the H.halobiua i-operon we have undertaken sequencing of an additional 770 bp up to the position -16B0 (relative to the 16S rRNA gene) and nuclease SI mapping of the transcription initiation sites therein. Our results reveal the existence of two r-operon promoters in this region, the most distal one being separated from the 16S rRNA gene by more than 1250 bp. A 52B bp long open reading frame co-transcribed with the rRNA genes is present downstream from this promoter.
Recently, the nucleotide sequence analysis of the entire r-operon has enabled the proposal of the existence of an "internal" promoter located in the 16S/23S intergenic spacer C83. Here we report the first experimental evidence of the activity of the internal promoter in vivo.
MATERIALS AND METHODS
Halobacterium halobium, strain Rl, was cultured in complex medium C9D. Total cellular RNA was isolated from exponential phase cells as described C73. Plasmid pHT&, a pBR322 derivative containing a 4.5 kb HindiII-BamHI fragment of H.halobiua DNA with a promoter region and 5'-half of the 16S rRNA gene, and plasmid pHV2, a pUC19 derivative, carrying a 3.5 kb BamHI-Pstl fragment of H.halobiua r-operon spanning through the 3' half of the 16S rRNA gene, 16S/23S spacer and the major part of the 235 rRNA gene were described previously C5,103 (Fig.l) 
RESULTS

Sequencing and St-mappxng o-f the PI and P2 promoters.
Two recombinant plasmids, pHT6 and pHAl, carrying the promoter region of the r-operon of H.halobium, were used for sequencing and Sl-mapping of the distal promoters of this operon. pHT6 plasmid was obtained by cloning a 4.5 feb HindiII-BamHl fragment of H.halobiun DNA, containing 5-half of the 16S rRNA gene (Fig.l.) in the pBR322 vector C53. The Hindlll-Kpnl 3.0 kb fragment from pHT6 was subcloned in the pUC 19 vector thus producing pHAl plasmid.
The nucleotide sequence from the Kpnl site (position -910 relative to the 5'-end of the 16S rRNA gene) downstream through the entire operon has been reported previously [5,6, The dot-matrix analysis of this sequence readily revealed the presence of the repeats, corresponding to the five promoters proximal to the 16S rRNA gene C5,6]. However, no significant homology with the repeat consensus motif emerged in the newly sequenced region. Therefore, the direct experimental approach was the method of choice to localize the r-operon promoter(s) located upstream from the position -910.
For the initial approximate mapping of the distal promoter<s> the Eco47III -Hindlll fragment, 5'-labelled at its Eco47III site, was used (see Fig.l ). This fragment was hybridized to the bulk H.halobiu* RNA isolated from the exponentially growing cells and was digested with the SI nuclease. Protected DNA fragments were analyzed in the 6 7. pol yacr yl amide gel. Two bands (Fig.3A> , with the mobility of about 100 and 470 bp were observed in the autoradiogram. The precise mapping of the shorter fragment was achieved in just the same experiment, when the products of SI digestion were run in the sequencing gel in parallel with the A+G chemical sequencing reaction products (Fig.3B> . This enabled (after one nucleotide correction C14J) the recognition o-f the 3'-end of the protected DNA -fragment as C + 37O (G +370 in the RNA-like strand shown in Fig.2 ). The RNA start site represented by the 1onqer band in the autoradiogram shown in the Fig.3A was too remote from the Labelled Eco47III site to be localized at the nucleotide resolution. Thus, another fragment, Eco471-Cfr1(pos. -140 -+400 in the Fig.2 ), 5 -labelled at the Eco471 site was applied to this end (see Fiq.l). This enabled the mapping of the distal RNA start to the nucleotide A -» 1 of the RNA-like strand (Fig.3C) . In order to distinguish between the transcription initiation and processing of a longer transcript the total cellular RNA was hybridized to the <-) strand of the Sau3A-KpnI fragment, 3 -label led at the Sau3A site, and Cfrl-Eco471 fragment, 3-labelled at the Cfrl site (see Fig.  1 ). After digestion with SI nuclease no bands was observed on the autoradiogram in the latter case and the only band, corresponding to the protection of the entire Bau3A-Kpnl fragment was present in the former one (not shown). These results clearly argue for the transcription initiation from two promoters, rather than processing (protection of the Sau3A-KpnI fragment is explained by hybridization with the RNA initiated at the distal promoter).
Results of these experiments increased the total number of the "outer" promoters of the r-operon of H.halobiua up to seven. We redesignated them Pl-F'7 (Fig.4) , where PI is the most distal promoter and P7 is the most proximal one to the 16S rRNA gene. To avoid confusion it should be mentioned that in this numeration P3 -P7 correspond to the promoters described earlier as P1-P5 C5,73.
Internal promoter in the r/tHA operon. In the recent paper we reported an unexpected finding that the consensus motif of the P3-P7 promoters was present also in the 16S/23S intergenic spacer downstream from the tRNA gene C83. The intriguing possibility of the presence of the internal promoter inside the rRNA operon stimulated us to examine whether transcription actually initiates in vivo in this region of r-operon.
So we have performed an Sl-mapping experiment with the Sau3A -Eco47III fragment from the pHV2 plasmid C10J, which contained the proposed internal promoter (see Fig.l) . The (-) strand of this fragment 5' labeled at Eco47III site was hybridized to the total RNA and digested with SI nuclease. The autoradiogram shown in the Fig.3D clearly reveales an Sl-protection signal, which corresponds to the transcription start from the internal promoter, The processing of the longer transcript at this point was ruled out by the results of Sl-protection experiment performed on the Sau3A-Taql (-> strand 3'-labelled at Sau3A site ( Fig. 1) , since there were no RNA-protected DNA fragments shorter than the entire probe (not shown).
An open reading frame donnstream from the PI promoter.
A computer search of the nucleotide sequence downstream from the PI promoter revealed the presence of a 528 bp ORF starting from the position +10 (Fig2). It codes for a "protein" of M.w. 19.2 kD. This ORF designated as ORF rep (for rRNA co-expressed p_rotein> overlaps with P2 and P3 promoters, its termination codon TGA being located 5 bp downstream from the latter one.
Certain arguments favour the possibility that ORF rep is expressed in the cell:
i) The halobacterial protein genes investigated so far are characterized by a strong preference for the use of codons ending in G or C C15-17D. The same bias is found for the codon usage in the ORF rep: codons, ending at T or A are under-represented.
ii) A polypurine sequence GAAGAA partly complementary to the polypyrimidine stretch at the 3' end of the H.halobiun 16S rRNA C18] is present three bp upstream from the initiation AUG codon. This consistency indicates a possible Shine-Dalgarno interaction between the ribosome and rep mRNA.
iii) The so far investigated halobacterial protein genes are characterized by a very short distance between the 5'-end of the corresponding mRNA and the initiation codon C15-173. This is also the case for the ORF rep, since only 10 nucleotides separate the PI transcription initiation site from the AUG codon.
DISCUSSION
Multiple promoters of the rRNA operon of H.hmlobium Outer promoters. Previously it was shown that the transcription of a single r-operon of an archaebacterium H.hatlobiunt is governed by multiple promoters, -five of which were attributed to the direct repeats located in the 900 bp region preceding the 16S rRNA gene C5,73. In the present work we have sequenced and identified another two sites for transcription initiation (PI and P2) located upstream to those described previously (Fig.4) . These two promoters were initially mapped on the Hindlll-Eco47III fragment which is separated by 0.B kb from the -first structural gene of the operon (see Fig. 1 and Fig.2) . However, in spite of such a long distance it is likely that they participate directly in the rRNA gene transcription. This follows from the observation Df Dennis C73 that some r-operon primary transcripts are initiated somewhere upstream from the Kpnl site (position -910 from the 16S rRNA gene).
With the 3 kb Hindi II-Eco47111 probe used for nuclease SI experiments, the longest protected DNA fragment had the size of 470 bp, corresponding to the transcription start from the PI promoter. No slower migrating band could be observed in the autoradiogram even upon over-exposing the gel. Thus, we believe that PI represents the most distal site of transcription initiation of the H. halobiiim t-operon and that two promoters, PI and P2, mapped in this work complete the "outer" transcription initiation pattern which ultimately comprises seven promoters. The nuclease SI protection results obtained in the present work combined with those reported previously C73 and with our unpublished data give the hierarchy of promoter strength P3>P6>P4>P1~P2~P5~P7. Because of the difference in the promoter strength and their growth rate-dependent properties C7] it seems that the promoter orchestra does not simply compensate for the extremely low r-operon copy number in halobacteria but rather each member brings its own tune to a harmonic symphony of transcription regulation.
Such a complex transcriptional organization of the rRNA cluster is a quite unusual feature, which distinguishs halobacteria not only from eubacteria which usually have a duet of roperon promoters (see review of Lamond C193) but also from methanogenic and thermoacidophilic archaebacteria in which i-operon transcription initiates at an only one point [20] [21] [22] 353 . However, the multiplicity o-f the r-operon promoters might be also characteristic of other halophilic archaebacteria as at least three regions of homology with the H.halobiua P3-P7 promoter repeat were found upstream -from the rRNA gene cluster of Halococcus eorrhuae [233. Though the initiation o-f H.aorrhuae r-operon transcription was not studied directly, the promoter function of found repeated sequences seems highly probable. It is of interest that the promoter "crowding" in halophilic archaebacteria resembles to some extent the duplication of the r-operon promoter sequence in the upstream "non-transcribed" spacer in certain eukaryotes C243.
Internal promoter. The collection of the i-operon promoters seems not to be limited to the seven outer P1-P7. Another promoter-1ike sequence, Pi, with a high degree of homology to the consensus motif of a P3-P7 recently has been detected in the 16S/23S intergenic spacer within the operon body CB3. In the present paper we have demonstrated that the total H.halobius RNA preparation does contain a transcript with the 5' terminus coinciding with the putative Pi transcription start point. Though the results of SI mapping experiments argue in favour of transcription initiation from Pi rather than processing of the longer transcript, the direct testing of the transcription initiation properties of the halobacterial internal promoter Pi is precluded by the lack of the corresponding vectoi-host system. However, the analogous eubacterial promotei-like structure from the 16S/23S spacer of the rrnB operon of E.coli being cloned in a pKOl plasmid is capable of launching the transcription of a promoter-depleted Gal K gene (Derckacheva, Skripkin and Mankin, unpublished).
The input of transcription from the Pi promoter is relatively low if estimated from a comparison of the intensities of two SI protection signals (see Fig.3 ) -one, originating from the initiation at Pi (marked by an arrow in the Fig. 3 ) and the other (the upper one), corresponding to the protected entire DNA probe, which serves as a measure of the total number of transcripts initiated at the outer promoters. The fact that a significant amount of the entire Sau3A-Eco47III DNA fragment remains protected from the nuclease SI digestion agrees with the observation that RNA-polymerase can effectively traverse the entire 16S-23S intergenic spacer whilst transcribing the r-operon C253. Thus, the initiation of transcription from the additional promoter located between the structural genes seems to be not an alternative, but rather a support to the transcription initiated by the outer promoter team. Therefore the existence of a transcription start within the r-operon does not in general contradict the concept of a "single-transcription-unit" expression o-f rRNA cistrons. As it has been discussed previously E83, the activity of the i-operon Pi promoter might serve to adjust cellular levels of rRNAs possibly disbalances! by an aberrant preliminary termination of transcription.
Promoter consensus. A comparison of a large number of eubacterial and eukaryotic sequences around the transcription initiation sites made it possible to elucidate certain features of the promoter consensus in these kingdoms. In archaebacteria only few promoter sequences have been determined so far and the consensus motif just begins to emerge. Thus newly determined transcription initiation sites could contrast the conserved primary structure elements.
A compilation of the archaebacterial stable RfJA promoters which includes the three described in this work is shown in Fig.5 . This list includes unambiguously mapped transcription initiation sites as well as several putative promoter sequences for which the transcription starts were not localized. Though systematic analysis of this collection is hindered by the limited data available, a computer aided examination permits the recognition of several conserved elements, some of which have been mentioned previously C5,6,20,23]. These include: i) Transcription predominantly initiates at the 6 within the sequence TGCPuA, which is rather conserved in the methanogenichalophilic branch, being more variable in thermophiles.
ii) A well defined AT-rich box is present 23-25 bp upstream from the first transcribed nucleotide. In halophilic genera it is represented by a short consensus motif TTAA whereas in other archaebacterial species such an AT-bDX is 2 to 4-fold longer.
iii) A CGA sequence is often found around the position -36 in halophiles and methanogenes.
iv) A GC-rich region of sequence conservation specific for halophilic species exists between the start site and TTAA box. This element is more pronounced in the rRNA and tRNA genes, than in protein genes and resembles the BC-rich discriminator sequence which is located between the Pribnow box and the transcription initiation site and plays an important role in the stringent control of transcription of eubacterial stable RNAs C263.
It should be noted that not all these elements equally well conserved in all the archaebacterial lineages. This is not surprising, as archaebacterial kingdom which comprises halophiles, thermophiles and methanogens exhibits extreme habitat diversity. Since the structure and stability of the DNA duplex, which is of primary importance for transcription initiation, should differ significantly in species restricted to "extreme" habitats, the divergency of the promoter sequences should be crucially influenced by the environmental pressure. Thus it seems reasonable that the promoter sequence canons would not be identical in the three archaebacterial lineages. This is also supported by the diversity of the RNA polymerases from the different archaebacterial branches C273.
An ORF associated MJth the r-ooeron.
There are several examples when relatively long DRFs were found in the close vicinity to the rRNA operons. The first example of such a neighbourhood came from the sequence of a DNA fragment containing the rrnB operon of E.coli, where a 867 bp ORF (DRF1) was detected upstream from the PI i-operon promoter [281. Later, two promoters, P3 and P4, which were proposed to participate in the rrnB transcription were discovered upstream from ORF1 C29]. Still it is not clear yet, whether transcription from P3 and P4 actually contribute to the rrnB expression and, consequently, whether 0RF1 is co-transcribed with the rRNA genes.
A similar situation is realized in some archaebacteria where DRFs were found close upstream from the r-operon [22, 23] . Although in none of such cases the co-expression of these ORFs with the rRNA genes was demonstrated, their close location is intriguing.
As it follows from our sequencing data (Fig.2 ) the presence of an ORF upstream from the rRNA genes is also characteristic of H.halobium. However, in contrast to rRNA associated ORFs from other organisms, ORF rep from H.halobium, which is localized downstream from the PI promoter, should be co-transcribed with the i-operon.
It should be noted that the actual 5' border of this ORF is not yet known, since no in-phase termination codon was found up to the 5' end of the sequenced region. However, as already mentioned, the results of SI mapping revealed no transcription initiation points upstream from PI. Therefore, either the promoter that governs the transcription of this ORF is at least two orders of magnitude weaker than the ribosomal PI and P2 
